Orange carotenoid protein (OCP) is a cyanobacterial photoactive protein which binds echinenone as a chromophore; it is involved in photoprotection of these photosynthetic organisms against intense illumination. In its resting state, OCP appears orange (OCPo), and turns into a red form (OCPr) when exposed to blue-green light.
Introduction
Recently, the so-called orange carotenoid protein (OCP) was implicated in photosynthetic photoprotection of cyanobacteria [1] [2] [3] [4] , a group of photosynthetic bacteria in which phycobilisomes (PBS) are often the main light harvesting complexes. Phycobilisomes are huge soluble protein architectures; they contain hundreds of phycobilin chromophores that harvest light and pass energy to chlorophylls in the photosystem for use in photosynthesis. It was proposed that OCP can bind to the PBS in high light situations and shuttle energy away, thus preventing over-excitation of the photosystems [1, 2, 5] . When purified, OCP appears orange (OCPo) in color; its color is due to a ketocarotenoid molecule, 3′-hydroxyechinenone (hECN) that spans its N-terminal and C-terminal domains [6] . After illumination with intense blue-green light, the protein appears red in color (OCPr) due to spatial configuration changes in hECN [1] . OCP has thus been described as a light-powered molecular switch [6, 7] which, once photoactivated, exists in a metastable form able to bind to PBS and to accept excitation energy from the bilins.
The X-ray structure of OCPo from Arthrospira maxima and Synechocystis PCC 6803 have been determined to 2.1 Å and 1.65 Å resolution, respectively [6, 7] , but no structure exists for the red form of the protein. The mechanisms underlying the changes in electronic properties of the OCP-bound echinenone during the orange to red transition are still a matter of debate. Thus, the aim of this work is to describe these mechanisms as precisely as possible, i.e. what happens to echinenone during this transition. One technique of choice for studying protein-bound carotenoid molecules is resonance Raman spectroscopy (RRS). Resonance Raman, as a vibrational technique, yields detailed information about the molecules that scatter photons. Moreover, because there is a large signal amplification when Raman excitation comes near an electronic transition (i.e. in the absorption range), this technique allows selective observation of chromophores and has been highly exploited in the field of carotenoids [8] [9] [10] [11] . Typically, carotenoids display four spectral regions, termed ν 1 -ν 4 , which provide information on the molecular configuration of the scattering molecules [12, 13] , on their effective conjugation length [11] , and on the distortion experienced by these molecules around their C-C bonds [10] . Recent advances have made it possible to conduct room temperature experiments on carotenoid proteins without much loss of information [13] , which allow more straightforward comparison with in vivo situations. Finally the progress in molecular physics of conjugated molecules now permits the modeling of the carotenoid resonance Raman spectra [14, 15] .
Although resonance Raman has already been applied to OCP [1, 16] , echinenone is a carotenoid containing a conjugated carbonyl group, and previously no systematic vibrational studies of such carotenoids were performed. It is known that the electronic properties of carotenoids may be highly disturbed by the presence of such groups; for example, they may give rise to additional electronic states such as an intramolecular charge transfer state (ICT), which could be crucial for the in vivo functionality of these molecules [17, 18] . For now, two hypotheses have been drawn: from time-resolved measurements and low temperature resonance Raman it was concluded that the OCPo to OCPr transition corresponds to an increase in the echinenone conjugation length [1] . From structural and Raman studies on a related protein, it was proposed that echinenone undergoes a transient trans to cis conformational change [16] .
Since a trans/cis isomerization generally results in shortening of the conjugation chain, at least for carotenoids devoid of conjugated carbonyl groups [14] , in the following work we have investigated experimentally and computationally the vibrational properties of echinenone and other carbonyl-containing carotenoid molecules in solvents, and compared them to those obtained for OCPo and OCPr at room temperature in order to investigate the configuration and conformation of echinenone in the different spectroscopic forms of OCP.
Materials and methods

Carotenoids and solvents
(rac.)-3-hydroxyechinenone ((3RS)-3-hydroxy-β,β-carotene-4-one, synth., cryst.) (here after 3-hydroxyechinenone) was obtained from CaroteNature, canthaxanthin (β,β-carotene-4,4′-dione) was obtained from Roche, lycopene (Ψ,Ψ-carotene l-9879, from tomato) and β-carotene (β,β-carotene synthetic type I, C-9750) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Lutein (β,ε-carotene-3,3′-diol) was isolated and purified as previously described [19] . All carotenoids studied were in all-trans (all-E) geometric isomeric configurations.
The solvents used in this study were tetrahydrofuran (THF), nhexane, cyclohexane and acetonitrile (all absolute grade, ≥99.5% GC), 1,2-dichloroethane (DCE), toluene, pyridine and methanol (anhydrous, 99.8%), chloroform and carbon disulfide (CS 2 ) (anhydrous, ≥ 99%), diethyl ether (≥99.8% GC), and dimethyl sulphoxide (DMSO) (≥ 99.5% GC ) all purchased from Sigma-Aldrich (St. Louis, MO, USA).
OCP sample preparation
OCP was prepared as described in [1] . Briefly, OCP was isolated from K m and Sp-resistant his-tagged OCP mutants (ΔcrtR, OCP overexpressing; in Synechocystis PCC 6803). The cells (1-mg chl · ml −1 ) were broken in mild light conditions in 0.1 M Tris · HCl buffer pH = 8 using a French Press. Membranes were pelleted and the supernatant was loaded onto a Ni-ProBond resin column. The OCP was further purified on a Whatman DE-52 cellulose column. After column elution, the samples were dialyzed against the final buffer. Such OCP, obtained in overexpressing ΔcrtR Synechocystis strain in which zeaxanthin and hECN are absent, contains an echinenone (ECN) molecule instead of hECN. The final optical density was approximately 10 OD at 500 nm. Samples were left in darkness; these were used directly for the OCPo measurements without dilution. To photoconvert the protein to the OCPr form a Flexilux 150 HL Universal lamp was used. Fig. 5 displays the absorption spectra (and their derivatives) of the two spectroscopic forms of purified OCP used for the experiment described in this article, OCPo and OCPr.
Spectroscopy
Absorption spectra were collected using a Varian Cary E5 Doublebeam scanning spectrophotometer. RR spectra were recorded with a 90°signal collection using a two-stage monochromator (U1000, Jobin Yvon, Longjumeau, France) equipped with a front-illuminated, deep-depleted CCD detector (Jobin Yvon, Longjumeau, France). Excitation wavelengths were provided by a 24 W Sabre Argon laser (Coherent, Palo Alto, California), except for 647 nm, which was provided by an Innova 90 Krypton laser (Coherent, Palo Alto, California). Unless otherwise indicated, less than 2 mW reached the sample (power values given in the following sections refer to the laser wattage, not the power arriving at the sample), and the sample integrity was verified by following RR spectral evolution during the experiment. The error is + or −0.5 cm −1 for the RRS experiments. All experiments were done at 4°C unless stated otherwise. Sample conversion from OCPo to OCPr can be a problem during RRS experiments due to laser exposure [1] . Also, spontaneous conversion from OCPr to OCPo will occur in darkness [1] . Conversion in both directions is extremely reliant on temperature. To keep the samples as pure OCPo or OCPr, the experiments were done at 4°C in a 1 mm path length cuvette that contained a stir bar mixing the sample during the course of the experiments. Purity of OCPo and OCPr can be tracked by the position of the ν 1 peak [1] , so the OCP form was monitored during the course of the experiments.
Computational details
We have considered different isomers of echinenone and canthaxanthin that are shown in Fig. 1 . We have considered echinenone in different isomers and not 3'-hydroxyechinenone because in the present experiments in the protein the pigment is echinenone and furthermore the two molecules show identical spectroscopic properties. In addition to that we have performed calculations of two isomers of 3′-hydroxyechinenone that show ν 1 , ν 2 frequencies and S 0 -S 2 transitions almost identical to the corresponding echinenone values (see Table S1 ). All structures were first optimized using the B3LYP functional [20, 21] with a relatively small basis set, 6-31G(d), and then were reoptimized with an extended basis set, 6-311G(d,p). For these geometries we have performed frequency calculations, obtaining normal modes and Raman intensities. A scaling factor of 0.9769 was used to better reproduce the absolute experimental values [14, 22] .
On the same optimized geometries, we have performed TD-DFT calculations [23, 24] to obtain S 0 → S 2 transition energies, with the B3LYP functional and 6-311G(d,p) basis set (TD-B3LYP). Also the TammDancoff approximation [25] was used in TD-DFT calculations (TDA-B3LYP), since Vaswani et al. [26] have reported that TDA-DFT was better able to reproduce results on another carotenoid (peridinin) than normal TD-DFT. The transition to the 1 1 B u + bright excited state, corresponding to what observed experimentally, has mainly a HOMO → LUMO character and thus TD-DFT is able to characterize it correctly.
To locate bands that are enhanced in the resonance Raman effect, we have identified normal modes located on the polyene chain corresponding to the part of the molecule in which there is the largest change in molecular orbital upon electronic transition. Exactly the same procedure was recently used by Macernis et al. [14] on a large series of carotenoids and was able to correctly reproduce experimental data.
All calculations were performed with the Gaussian09 package [27] . contributions from stretching vibrations of C-C single bonds coupled with C-H in-plane bending modes, and this region is a fingerprint for the assignment of carotenoid configurations, i.e. isomerization states [33] . The ν 3 band at 1000 cm − 1 arises from in-plane rocking vibrations of the methyl groups attached to the conjugated chain, coupled with in-plane bending modes of the adjacent C-H's [34] . It was recently reported to be a fingerprint of the conjugated end cycle configuration [13] ; this hypothesis was recently confirmed by theoretical modeling [35] . Finally, the ν 4 band around 960 cm − 1 arises from C-H out-of-plane wagging motions coupled with C_C torsional modes (out-of-plane twists of the carbon backbone) [34] . When the carotenoid conjugated system is planar, these out-of-plane modes will not be coupled with the electronic transition, and these bands will not be resonance-enhanced. However, distortions around C-C single bonds will increase the coupling of these modes with the electronic transition, resulting in an increase in their intensity. Altogether, these spectra are quite similar to those of β-carotene or of any carotenoid devoid of conjugated carbonyl groups. Here, it is worth noting that previously the presence of a 3′-hydroxy on the echinenone was expected to result in no effect on either the electronic or the vibrational properties of the molecule, and according to our experiments and calculations it does not (see Supplementary material Figures S1, S2, and Table S1 ), thus 3-hydroxyechinenone can be described as echinenone as far as these parameters go. The presence of a carbonyl group is the only chemical difference between echinenone and β-carotene. It results in an upshift of the electronic absorption properties of this molecule, as well as a downshift of the resonance Raman ν 1 band of about 5 cm
Results
Vibrational properties of echinenone and canthaxanthin
, indicating that this carbonyl group influences the structure of the ground-state of echinenone and its electronic properties. Note, echinenone resonance Raman spectra contain no band which can be attributed to the stretching modes of the conjugated C_O, although it is conjugated with the C_C chain (Fig. 2) . It was recently reported that the ν 1 frequency of carotenoid molecules exhibits a slight, but significant sensitivity to the polarizability of the solvent surrounding the molecules [11] . This is also the case for echinenone, and the dependence observed is similar to that of previously studied carotenoid molecules. Canthaxanthin possesses one carbonyl group on each of its conjugated cycles, thus one more carbonyl group than echinenone. However, while the addition of a carbonyl to β-carotene makes a significant change to the electronic transition and resonance Raman ν 1 band, these two carotenoid molecules display frequencies for both at nearly exactly the same positions. Models of canthaxanthin and echinenone spectra (see below) show that, for these carotenoid molecules, the ν 1 band corresponds to a C_C stretching delocalized over the whole conjugated chain, but with larger participation of central bonds, which explains why both spectra are almost identical.
4°C comparison of echinenone in the red and orange forms of OCP with echinenone in solvents
Resonance Raman spectra were measured for both forms of OCP using different excitation wavelengths. Fig. 3 shows the resonance Raman spectra of OCPo and OCPr, excited at 514.5 nm, as compared to that of 3-hydroxyechinenone obtained in similar experimental conditions (the solvent is hexane which is relatively apolar for an organic solvent, similar to a hydrophobic protein environment). OCP transition from orange to red at 4°C (similar to room temperature because the sample is unfrozen) induces modifications of the resonance Raman spectra strikingly similar to those which have been reported at low temperature. As was noted in [1] , OCP transition from orange to red induces three main changes in the resonance Raman spectra, namely i) a downshift of the frequency of the ν 1 band, ii) a decrease of the intensity of the ν 4 band, and iii) small changes in the structure of the ν 2 and ν 3 bands. The resonance Raman spectrum of the OCPr appears very similar to that of isolated 3-hydroxyechinenone in n-hexane, suggesting that echinenone, in OCPr, is close to the relaxed form that it adopts in solvents. However, the frequency of ν 1 band is observed at 1520 cm (Fig. 3 insert) shows a single peak for echinenone in solvent at 1004 cm −1 while this band is clearly broadened in the spectrum of the OCPo. An additional component is present in this region in the spectrum of OCPr, downshifted at 1002.5 cm
Also striking is the fact that the ν 1 band splits into two clear components (Fig. 3) in OCPo, one at 1518 and one at 1527 cm
, values which we took from the second derivative of the spectrum. 
Does resonance Raman excitation promote OCP transition?
When analyzing a photoactive protein with resonance Raman spectroscopy, the excitation wavelength, which matches with the chromophore's transition, may trigger the protein activity. To reduce this phenomenon, very low excitation power was used in the experiments described above. However, the discovery of two ν 1 bands for OCPo necessitates careful examination as to whether those are natively present in the protein, or the result of its photocycle. The first control consists in progressively increasing the power of the excitation laser used in the previous experiments by an order of magnitude. If one component of the ν 1 arises from the OCP photoactivity, a change in the structure of the ν 1 should be observed according to the laser power. Fig. 4a shows spectra obtained at 514.5 nm with laser powers on the sample ranging from 400 μW to 3 mW at 4°C. It is clear that the ν 1 structure does not change according to the laser power at this temperature. Resonance Raman spectra of the orange form were also measured using excitation wavelengths in pre-resonance conditions, i.e. with excitations located outside of the absorption range of echinenone in OCP. In these conditions, the resonance Raman analysis is not expected to induce OCP photoactivity. Fig. 4b compares resonance Raman of the orange form of OCP measured using 488.0, 514.5, 528.9 and 647.1 nm. The structure of the ν 1 is identical in the three latter spectra, although 647.1 nm is an excitation which is not able to trigger OCP conversion activity. We must thus conclude that the echinenone in OCPo displays at least two configurations, which result in the two ν 1 frequencies observed in the resonance Raman spectra. These experiments do not directly yield information about the electronic properties of these conformations. However, the relative contributions of the two different ν 1 bands varies when scanning the excitation wavelength in the blue green range (see the 488.0 nm excitation wavelength in Fig. 4b , chosen as an example where the high frequency ν 1 contribution is clearly more intense than when exciting at 514.5 nm). If the two echinenone conformations had exactly the same absorption properties, one should expect the ratio between the two ν 1 bands to stay the same for each excitation wavelength. We can thus conclude that each of these conformations has different absorption properties, although we cannot precisely determine their position. It is clear however, that a major form in OCPo contributes at 500 nm (Fig. 5a ). As this position is downshifted as compared to that of OCPr, we will attribute to the upper frequency ν 1 to this echinenone form. The lower ν 1 frequency should correspond to echinenone absorbing further in the red. A similar idea was previously suggested in [36] , where deconvolution of the absorption spectra showed that there should be a mixture of species in OCPo at ambient temperature, which was attributed to a mixture of OCPo and OCPr. However, if our results confirm the presence of at least two different carotenoid species in OCPo at room temperature, the frequencies observed in resonance Raman clearly indicate that the second species present in OCPo is not proper OCPr. It is worth noting at this stage that the resonance Raman of OCPr, when converted properly, does not indicate any sign of heterogeneity at any probed excitation wavelength, indicating that the ensemble of OCPo configurations are able to convert into the same red form of the protein.
Configuration of echinenone in the orange and red forms of OCP
As stated above, the 4°C resonance Raman spectra of the orange and red forms of echinenone are globally similar to the spectra of isolated 3-hydroxyechinenone in solvent. In particular, only a very small additional component in the ν 2 region can be observed in the OCPo spectra (Fig. 3) . Resonance Raman spectra are exquisitely sensitive to the molecular configuration of carotenoid molecules. In particular, most of the cis-trans isomerizations result in the presence of additional satellite bands in the ν 2 region [12] ; the absence of additional component with substantial intensity allows discarding these configurations. However, when isomerization occurs at the end of the electron delocalized chain (7-cis), the ν 2 region can undergo little to no change. However, the extent of the changes in the ν 1 frequency upon 7-cis isomerization is limited to 1-2 cm −1 [12] . Again, the presence of such configuration cannot explain the differences between the resonance Raman spectra of OCPo and OCPr, as the frequency of the ν 1 shifts by 11 cm . upon 7-cis isomerization. As the ν 1 band represents a direct measurement of the effective conjugation length of the C_C chain of the carotenoid molecules, we are thus left with three echinenone configurations (two in the orange form and one in the red form) which display different C_C chain conjugation lengths, which cannot be explained by a cis-trans isomerization.
Previously, we have shown that comparing the 0-0 transition to the ν 1 peak position of carotenoids in solvents has been a useful way to show that solvent polarizability affects the effective conjugation chain length [11] . In this study, several solvents have been used: THF, nhexane, cyclohexane, acetonitrile, DCE, toluene, pyridine, methanol, chloroform, carbon disulfide, diethyl ether, and DMSO. A series of carotenoids (lutein, β carotene, 3-hydroxyechinenone, canthaxanthin, and lycopene) were dissolved in each solvent and plotted on the graph as a function of the 0-0 transition (taken from the absorption spectrum) and the ν 1 peak frequency position (Fig. 6) . As the polarizability of the solvent increases, the ν 1 peak frequency and 0-0 transition red shift, and a larger effective conjugation length is observed. The ν 1 and 0-0 transition of OCPo and OCPr have been plotted for comparison (Fig. 6 , OCP: orange and red dots; echinenone: blue squares). In OCPr, the echinenone configuration displays a similar effective conjugation length to isolated 3-hydroxyechinenone (thus planar, all trans), in a highly polarizable environment. In OCPo, one form has a slightly shorter conjugation length than echinenone in OCPr, but we have no information on its absorption properties so it has not been plotted. The other's 0-0 transition is found at 500 nm (Fig. 5) , and its effective conjugation length is much shorter than in isolated echinenone, although other features of resonance Raman indicate it is still all-trans.
Carotenoid configuration is also determined by the torsions around the C-C bonds (s-cis isomerizations); the change observed in the ν 4 region actually indicates that the configuration of echinenone is highly distorted in OCPo. In a recent study, it was shown that β-carotene, and more generally carotenoids containing conjugated end-cycles (such as lutein and β-carotene derivatives with different C_C chain lengths) actually exhibit shorter effective conjugation in solvents than expected [11] . For instance, β-carotene displays an effective conjugation length of 9.6, whereas it formally contains 11 conjugated C_C double bonds in its linear form. This was attributed to the out-of-plane and/or s-cis trans-cis configuration of the end conjugated cycles. In LHCII, the two bound lutein molecules display an absorption shift of about 20 nm, as do the two β-carotene molecules bound to the photosystem II reaction center [13] . In these cases, all concerned carotenoid molecules are clearly all-trans, however, the red-absorbing β-carotene and lutein molecules actually display effective conjugation lengths longer than in solvents, both from an electronic (absorption) and Raman (ν 1 band frequency) point of view. It was concluded that this was achieved through protein-carotenoid interactions that hold the conjugated end-ring in the plane of the C_C conjugated chain, thus increasing the participation of the cyclical C_C bonds to the overall conjugation length of the molecule. The echinenone absorption shift between the orange and red form is about 30 nm, and could thus be accounted for by a similar mechanism (Fig. 5) . Both in LHCII and in PSII reaction centers, the C_C conjugated chain of the end-cycle ring coming into plane is accompanied by a downshift of the ν 3 band frequency, which involves the nuclear coordinates of the conjugated end-cycles [35] , or by the presence of a new, lower frequency component. It is striking that similar differences can be observed between Raman spectra of the echinenone in the OCPo and OCPr, and that in this case as well, the red-absorbing echinenone is associated with the presence of a lower frequency component in the ν 3 region.
Modeling electronic and Raman properties of echinenone
Resonance Raman data allow discarding the presence in OCP of isomers with rotations around C_C bonds. We have thus modeled four isomers of echinenone, differing in the rotation around the C6-C7 and C6′-C7′ bonds (Fig. 1 ). These isomers are denoted CC, CT, TC, and TT where C represents s-cis and T represents s-trans on either side of the chain at the C6-C7 and C6′-C7′ positions, respectively. As stated above, isomerization around these bonds is not expected to have a large effect on the ν 2 band structure in the RRS spectra, but may influence the frequency of the ν 1 band. Coordinates of all optimized geometries with corresponding relative energies are reported in the supporting information (Tables S2 and S3 ). We note that the CC isomer is slightly more stable in energy, similarly to what was obtained by Liu et al. on β-carotene [37] . S 0 → S 2 transition energies obtained from TDA-B3LYP/6-311G(d,p) calculations are shown in Figure S3 of supplementary materials, where we also show the HOMO → LUMO orbitals that are involved in the bright electronic transition. All values are also reported in Table S4 of supporting information. The order of transition energies from higher to lower is CC N CT~TC N TT. A red shift is thus progressively obtained when rotating the terminal group from cis to trans configuration, reflecting the fact that the effective conjugation of the chain is increased. TDA-B3LYP results are in better agreement with experiments than TD-B3LYP, but the trend observed is the same. Note that this is not surprising since Vaswani et al. [26] have already reported that the Tamm-Dancoff approximation (TDA) improves the reliability of TD-DFT methods in the case of carotenoids. Here and hereafter we use TDA-B3LYP results. The different normal modes composing the ν 1 and ν 2 bands are reported in Table S5 of the supporting information. These s-cis isomerizations do not affect the structure or the position of the ν 2 band; however they have a clear effect on the ν 1 frequency. Figure S4 displays the ν 1 bands of different isomers as obtained by calculations where Raman intensities are considered. The C_C stretching normal modes composing the ν 1 band for these different isomers are displayed in Tables S6 and S7 . The most intense C_C stretching band (and also the lowest frequency C_C stretching mode) for all isomers corresponds to the ν 1 band in the experimental spectra. These results are similar to what was obtained for peridinin by both static and dynamic calculations, as well as for β-carotene [38] . For ν 1 , similarly to what was obtained for the S 0 -S 2 transition, the molecules with s-trans bonds are red-shifted as compared to those with s-cis bonds at the C6-C7 and C6′-C7′ positions. In order to summarize the shifts and for comparison with experimental data, the values of the S 0 -S 2 absorption and the ν 1 position of different isomers are plotted in Fig. 7 . In this figure it is clear that when moving from CC to TT isomers, through TC and CT (that behave almost similarly), the red shifts of both the ν 1 position and the S 0 -S 2 absorption are of the same order of magnitude as those observed when OCP undergo from its orange to its red form. Note that these trends hold true for other carotenoid molecules with end cycles containing conjugated C_O; we have performed similar calculations on canthaxanthin (Fig. 1) . Three possible isomers along C6-C7/C6′-C7′ isomerization of canthaxanthin were considered (Fig. 1) , and the results are fully consistent with those obtained for echinenone both theoretically (Fig. 7) and experimentally (see Fig. 6 , and Tables S4-S7 ).
The extensive modeling of carbonyl-containing carotenoid molecules reported in this section indicates that the presence of the oxygen atom does not fundamentally affect the behavior of the vibrational modes of carotenoid molecules upon isomerization. In particular, as for in β-carotene, moving the in-plane echinenone cycle to an s-trans configuration results in a ν 1 frequency downshift. This suggests that echinenone isomerization, from s-cis to s-trans around the C6-C7 and/ or C6′-C7′ bonds after light absorption could account for the OCPo vs OCPr differences observed in the S 0 -S 2 . In the frame of this hypothesis, calculations suggest that the echinenone in OCPo is in CC configuration (or at least the fraction of echinenone with the most upshifted (in energy) electronic absorption transition), since the ν 1 position of the CC isomer is similar to that obtained for OCPo (Fig. 3) . In OCPr it would thus isomerizes providing the TC, CT or TT isomer. The extent of the frequency change of the ν 1 resonance Raman band suggests that the OCPr forms should rather be TT. To summarize, a first hypothesis consistent with both the vibrational data and calculations would be that OCPo to OCPr transition would correspond to a CC to TT conversion of the bound echinenone.
On the other hand, calculations give information why the resonance Raman band arising from the C_O stretching modes is not present in the spectra. This is due to two effects: (1) their Raman intensity is low; (2) the changes in molecular orbitals corresponding to S 0 -S 2 transition only marginally concerns this part of the molecule, different from other carbonyl containing carotenoids like peridinin where C_O stretching is visible in RRS and can be used to characterize the differences in environment [39] .
Discussion and conclusions
The set of resonance Raman experiments described in this paper first show that two configurations of echinenone exist in the orange form of OCP, and only one in the red form. Calculations show that red-absorbing echinenones correspond to molecules with longer conjugated chains, and consequently display ν 1 Raman bands with lower frequencies. In the OCPo, two frequencies are observed in the ν 1 Raman band, one at 1518 and one at 1527 cm − 1 . The latter must thus correspond to the echinenone with the highest energy electronic transition, which contributes at 500 nm in the OCP absorption spectra. The exact position of the electronic absorption of the other echinenone form is unknown, thus first we will discuss the molecular mechanisms underlying the photoinduced changes between the 500 nm-absorbing OCPo and OCPr. Vibrational spectra show that this conversion cannot be attributed to a cis-trans (or trans-cis) isomerization around C_C bonds. Theoretical calculations show that the presence of a C6-C7/C6′-C7′ di-s-cis echinenone isomer could account for the properties of 500 nmabsorbing echinenone in OCPo. Conversion to the echinenone red form would then correspond to the rotation of both end cycles to an s-trans configuration. However, electronic energy and vibrational frequency calculations can be only performed on stable carotenoid configurations, i.e. on structures that correspond to a (local) energy minimum. In proteins, binding sites may induce steric hindrances that stabilize a configuration not corresponding to energy minima for isolated echinenone. The OCPo to OCPr transition may also correspond to a carotenoid configuration change not accessible by the present set of calculations. For instance, neighboring amino acids may push the echinenone end-cycles out of the C_C conjugated plane. This will decrease the effective conjugation length of the molecule eventually even more efficiently than s-cis isomerization (where the cycle at the end is back into the C_C plane). In the crystal structure of the OCPo, the plane of both end cycles largely deviate from that of the C_C conjugated plane (close to 34°out-of-plane for the cycle with C_O, and 53°for the other (Fig. 8)) . Such a configuration would thus correspond to all-trans echinenone, with large uncoupling of both end-cycles, and is compatible with the vibrational data and theoretical calculations. From there, any configuration change of the molecule allowing the ring(s) to enter into the C_C conjugation plane would in turn increase the effective conjugation length of the molecule, inducing both the absorption redshifts, and the ν 1 and ν 3 band frequency downshifts, as experimentally observed. It is to be noted that such a configuration change is likely to reduce the ν 4 band intensity, by ensuring that the molecule's symmetry is close to planar. Also, the inclusion of a C_O in conjugation with the C_C conjugated chain is likely to scramble the fine structure of the electronic absorption, as extensively discussed in [40] , which is observed during the orange to red transition. We would thus conclude that in the OCPr, both cycles have a configuration close to in-plane. This is in line with the fact that in OCPr, the echinenone configuration displays a similar effective conjugation length to isolated echinenone, and possibly even slightly longer. Indeed the 0-0 absorption transition of OCPr, as determined by the second derivative of the absorption spectrum (Fig. 5b) , is at 531 nm; and the ν 1 band is at 1516 cm
. In solvents the absorption of echinenone ranges from 487 to 535 nm, and the frequency of its ν 1 band is between 1519 and 1521 cm −1 (Table 1 , Fig. 6 ). It has been suggested by De Re et al. that
during ultrafast experiments the echinenone in the OCPr has an inhomogeneous nature; their hypothesis that the protein opens upon conversion to OCPr and lets some solvent molecules surround the carotenoid [41] . Our results show that OCPr is spectroscopically homogeneous, in the sense that all of the echinenones in OCPr are in the same conformation in a highly polarizable environment. The properties of the echinenone environment, as deduced from RRS, are consistent with echinenone's accessibility to water molecule(s).
In the OCPo at room temperature, on the other hand, we observe two ν 1 frequencies, one at 1527 cm − 1 , and one at 1518 cm − 1 . From the frequency of the associated ν 1 , we must conclude that it is redshifted as compared to the 500 nm-absorbing echinenone in OCPo, but likely to be slightly blue-shifted relative to echinenone in OCPr. As already mentioned, such an additional form in OCPo had been predicted from the analysis of the electronic absorption of OCPo [36] , however, it was then postulated to be a contamination by OCPr, while our results suggest it is not. At 77 K, which is close to the temperature where the crystal structure of OCP was solved, only one high-frequency ν 1 is observed [1] for OCPo, at 1520 cm
. Taking into account that the frequency of the ν 1 modes of carotenoids downshift by about 8 cm −1 upon Fig. 8 . Electron density map of echinenone in the OCP protein (PDB ID: 3MG1). The software used was Coot [43] .
cooling from room temperature to 77 K [42] , the echinenone form stabilized at 77 K must correspond to the farthest blue observed at room temperature, and thus is the form which possesses end-cycles out of the C_C plane, as observed in the crystal. The crystal structure actually suggests a mechanism for driving the end-cycles from out-of to in the C_C plane. Around the carotenoid cofactor, there is an area where the atomic structure does not perfectly fit the electron density map (see in Fig. 8 areas of red and green indicating poorly placed and missing atoms). The carotenoid chain may thus have some room to move, while the rings at the terminal ends are locked solidly in place; a 'jump rope' motif of echinenone in OCP, allowed by the crystal structure, could lead to the OCPo to OCPr molecular transition as deduced from our RRS experimental results. It is worth noting that 1527 cm −1 corresponds almost exactly to the frequency observed for carotenoid molecules with an effective conjugation length of 9, i.e. a molecule of echinenone in which none of the cycles would influence the frequency of the ν 1 [11] . In the absence associated electronic absorption spectrum, we cannot conclude that this form is unique, or corresponds to a broad distribution of echinenone configurations. As they all convert to OCPr in the presence of green light, it is the most likely that this echinenone configuration or distribution of configuration corresponds to the presence of dynamic disorder into the OCPo, which allows echinenone end-cycles to adopt a range of geometries (among which only one survives at low temperature or in the crystal). This picture is actually consistent with the fact that conversion of OCPo to OCPr involves a large protein conformational change, which is triggered by a change in echinenone configuration associated with a small free energy change. For this process to occur, even with the observed low probability, OCP must be close to a saddle point between its OCPo and OCPr conformations, and is thus likely to permanently partially interconvert at room temperature.
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